The Mongolian gerbil (Meriones unguiculatus) has been used extensively as a model of forebrain ischemia. Its unique susceptibility to ischemia was suggested to be due to an incomplete circle of Willis. The relative ease to which ischemia can be induced combined with highly reproducible delayed CA1 cell death following a 5-min occlusion made the model popular in neuroprotection studies. Presently, this assumption was tested that complete forebrain ischemia occurs in all gerbils because increased variability was noticed in neuronal injury and behavioral outcome using this model in the last several years. Here it is reported that gerbils obtained from Charles River, the largest supplier in North America, show a high incidence (22.7 % with bilateral and 38.6% with unilateral anastomoses) of posterior communicating arteries compared to another supplier of gerbils (High Oak Farms, 2.6% with bilateral and 13.2% with unilateral anastomoses, P<0.0001). This increased incidence of complete or partial circle of Willis led to less severe CA1 cell loss in Charles River gerbils (P<0.0001) compared to High Oak gerbils, with an unacceptably high level of inter-animal variability. Similarly, behavioral indices of CA1 ischemic injury (increased locomotion, habituation deficits) were also significantly attenuated in the Charles River animals. High Oak gerbils also displayed increased histological and behavioral variability relative to the pattern obtained several years ago. Thus, the gerbil model of forebrain ischemia, at least using Charles River animals, no longer produces consistent injury and behavioral alterations. Investigators are urged to consider adopting other models in future neuroprotection studies or ensure that their gerbil population lacks communicating arteries.
INTRODUCTION
Rodent models of global ischemia, including the rat 2-and 4-vessel occlusion (2-VO and 4-VO) variations, and the Mongolian gerbil (Meriones unguiculatus) bilateral common carotid artery occlusion (BCCAO) model have been extensively used to investigate mechanisms of pathophysiology (Pulsinelli and Brierley, 1979; Kirino, 1982; Smith et al., 1984; Pulsinelli and Buchan, 1988) , neuroprotection (Ohtsuki et al., 1996; Dowden and Corbett, 1999) , and behavior (Wang and Corbett, 1990; Corbett et al., 1992; Colbourne et al., 1998) .
The susceptibility of the Mongolian gerbil to ischemia from either unilateral or bilateral occlusions was first described in the mid 1960's (Levine and Payan, 1966) . They suggested, based on behavioral outcomes that their vulnerability was due to an incomplete or functionally inadequate circle of Willis. Subsequent detailed anatomical studies examining the posterior circulation of the gerbil corroborated the original hypothesis while noting the existence of small (< 50µm), likely insignificant, arterioles linking the posterior and anterior circulation (Levine and Sohn, 1969; Kahn, 1972; Harrison et al., 1973 ).
The gerbil model of BCCAO requires a much simpler surgical procedure to produce reliable forebrain ischemia *Address correspondence to this author at the Basic Medical Sciences, Faculty of Medicine, Memorial University, St. John's, NL Canada, A1B 3V6; Fax: 709-777-7010; E-mail: corbett@mun.ca Received: July 26, 2005; Revised: August 31, 2005; Accepted: September 1, 2005 relative to rat and mouse models, because gerbils lack a complete circle of Willis. Typically, a 5 min bilateral carotid artery occlusion primarily restricts histopathological changes to the CA1 region of the dorsal hippocampus. Interestingly, this cell loss is of a delayed nature becoming nearly complete 4 days following ischemia (Kirino, 1982) . In summary, the gerbil model of global ischemia has been extensively used mainly because of its relative surgical simplicity and the reproducibility of the hippocampal CA1 injury.
The assumption that BCCAO creates complete ischemia in all gerbils was questioned in studies in the early 1990's comparing Mongolian and Israeli gerbils (Meriones tristrami) Mayevsky and Breuer, 1992) . The authors reported unilateral or bilateral posterior communication existed in 20% or 10% of the gerbils, respectively, an increase from approximately 5% ten years earlier. They attributed this shift to unknown genetic factors. Similar variations in cerebral vasculature in a mouse model of global ischemia have been noted (Murakami et al., 1998) .
In our recent experiments the gerbil BCCAO model has become increasingly variable (unpublished observations). While typical CA1 cell loss is observed following ischemia, in an alarming number of cases there exists unilateral damage, while in other animals the damage to either side is incomplete or negligible. We hypothesized that the gerbils from Charles River (CR) (our current supplier) may have developed a more complete circle of Willis as reported in gerbils in Israel Mayevsky and Breuer, 1992) . To test this idea we compared CR gerbils to a supply from the University of Alberta (procured from High Oak Farms, Baden ON, Canada). In the past High Oak (HO) gerbils, in our hands, yielded an extremely high success rate of animals with > 95-98% CA1 cell loss (Colbourne and Corbett, 1994; Nurse and Corbett, 1994; Colbourne and Corbett, 1995) with little inter-animal variability. Gerbils (males and females) from both suppliers were subjected to 5 min of global ischemia and tested for post-ischemic changes in locomotion and habituation to a novel open field, both sensitive behavioral indices of CA1 injury (Wang and Corbett, 1990; Colbourne and Corbett, 1994) . Finally, following a detailed analysis of the cerebrovasculature, brains were sectioned and CA1 cell counts performed (Colbourne and Corbett, 1995) .
EXPERIMENTAL METHODS

Subjects
A total of 88 Mongolian gerbils weighing 53 -85 g were used for this study. There were 45 (24 male and 21 female) from Charles River Laboratories (Montreal, QC) and 43 (20 male and 23 female) from the University of Alberta breeding colony, which were originally obtained from High Oak Ranch (Baden, ON). All experiments met the guidelines established by the Canadian Council of Animal Care and were approved by the Memorial University of Newfoundland Animal Care Committee.
Temperature and Activity
Core body temperature and activity was closely monitored in all animals (except sham group) before and after the ischemic insult. All animals were implanted with body probes (XM-FH, Mini-Mitter Co., Sunriver, OR) to monitor temperature and activity levels. Implant surgeries were performed under 2.0% isoflurane (3.0% induction, 30% O 2 /70% N 2 O). An incision was made in the midline of the abdominal wall and using a pair of scissors a small cut was made in the muscle wall. The scissors were inserted into the opening and were used to separate the muscle fibers. The probes were inserted into the abdominal cavity and the wound was closed with sutures and a topical anesthetic agent was given (2% Xylocaine gel, Astra Zeneca). Animals were placed back in their cages and allowed to recover for 7 days. Temperature and activity levels were measured every 30 sec for 24 hr before and after the ischemic insult. Both temperature and activity data were averaged over a 24 hr period prior to ischemia to give baseline values and following ischemia data were averaged into 8 hr segments.
Surgery
All surgeries were performed under isoflurane anesthesia (3.0% induction, 2.0% maintenance, 30% O 2 /70% N 2 O). A ventral midline incision was made in the neck and the carotid arteries were carefully isolated from the surrounding tissue. A piece of 4-0 silk suture was threaded underneath the arteries allowing them to be lifted away from the underlying tissue and to be occluded for 5 min by microaneurysm clips (Fine Science Tools, Vancouver, BC). Blockage of blood flow was visually confirmed. Brain temperature was estimated by a tympanic temperature probe (Model HH23, Omega, Stamford, CT) throughout the entire procedure and was maintained at approximately 36.5ºC using a heated water blanket (Model TP-3E, Gaymar Industries, Orchard Park, NY) wrapped around the head and a homeothermic blanket (Harvard Apparatus, South Natick, MA) that enveloped the animals body.
Following occlusion, clips were removed and the arteries checked for reflow. The incision was sutured and anesthesia discontinued. The animals were returned to their cages and placed under computer controlled heating lamps that ensured their core temperature never fell below 36.5ºC in the first 30 min following ischemia (Colbourne et al., 1993; DeBow and Colbourne, 2003) .
Behavioral Testing
An open field apparatus was used to assess habituation behavior following ischemia (Wang and Corbett, 1990) . Testing was performed on days 3, 7, and 10 after ischemia in a soundproof room and all external environmental cues in the room remained constant. The floor of the open field (72 X 76 X 57 cm) was electronically divided into 25 equal squares, and a visual tracking system (HVS Systems, Kingston, UK) recorded the number of squares entered per min over a 10-min test session.
Evaluation of Posterior Circulation
Following the last day of behavioral testing (day 10), gerbils were given an overdose of pentobarbital and perfused transcardially with heparinized saline followed by 10% formalin. Thereafter, 0.5 ml of Indian Ink (Product Number 1005754, Windsor and Newton, UK) in an equal volume of 7.0% gelatin was injected transcardially. The brains were left in situ overnight at 4ºC allowing the gelatin/ink mixture to solidify. The brains were then removed and post-fixed in 10% formalin.
The posterior communication was evaluated using a dissecting microscope (Leica MZ6) and digital camera (Sony, SSC-DC50A). Communication between the posterior cerebral artery (PCA) and superior cerebellar arteries (SCA) was documented, photographed and later quantified using image analysis software (MicroBrightfield, Williston, VT). The patency of the posterior communicating arteries (PcomAs) was divided into two groups: vessels less than 50 µm were considered to have insignificant anastomoses between the PCA and SCA and were considered PcomA(-). Vessels larger than 50 µm were considered to be significant anastomoses between the posterior and anterior circulation and were deemed PcomA(+). The vasculature data was grouped into those that had either significant unilateral or bilateral PcomAs (PcomA(+)) and those without patent PcomAs (PcomA(-)). These procedures were adapted from a study used to evaluate cerebral vasculature in mice (Murakami et al., 1998) . It should be noted that five gerbils from HO and one from CR could not be included in the vasculature analysis due to filling complications.
Histology
Brains were embedded in paraffin and a series of 6 µm sections were cut and subsequently stained with haematoxylin and eosin. Neurons exhibiting a distinct nucleus and lack of shrinkage or eosinophilia were counted in the medial, middle and lateral regions of CA1 in sections taken from the rostral level of hippocampus (-1.7 mm from bregma) (Loskoto et al., 1975) by placing a 200 µm long grid over these regions and counting cells that fell within the grid (Colbourne and Corbett, 1995) . One animal in the sham group could not be counted due to perfusion and staining artifacts.
Using the cell counts, neuronal damage in the hippocampus was also graded on a scale of 0 to 4 with 0 = 0-25% neurons remaining, 1 = 26-50% neurons remaining, 2 = 51-75% neurons remaining, 3 = 76-99% neurons remaining, and 4 = normal (no pyknotic or eosinophilic cells visible).
Statistical Analysis
The acute home cage activity and open field data were analyzed using repeated-measures ANOVA. Cell count data was analyzed using one-way ANOVA. Following a significant ANOVA, Student Newman-Keuls post-hoc tests were used to assess differences in treatment means. The frequency analysis evaluating PcomA between the two groups were performed using Chi-squared analysis. In the qualitative analysis of neuronal injury as it related to vascular patency, statistical significant differences between groups were analyzed using Mann-Whitney U test. A multiple regression analysis was carried out between open field data (Days 3, 7, 10) and total CA1 cells. Significance between groups was assigned at the level of less than 5% probability (P < 0.05).
RESULTS
Activity and Temperature Measurement
Telemetry data revealed that the temperature variation between both groups was consistently < 0.5°C at all time points measured ( Table 1 ). These differences are unlikely to account for experimental findings.
The activity data collected by telemetry prior to and following ischemia is shown in (Fig. 1) . The ANOVA revealed a significant effect of supplier (F 1,55 = 9.07, P = 0.0039) and time (F 3,55 = 45.73, P < 0.0001). There was also a significant interaction of time by supplier (F 3,165 = 3.26, P = 0.023). Comparisons of both groups with their respective preischemic baseline data revealed that the HO animals were more active following ischemia for the entire 24 hr they were monitored (0 -8 and 8 -16 hr, P < 0.01; 16 -24 hr, P < 0.05). The CR group maintained heightened activity levels for 16 hr post-stroke after which their activity levels returned to pre-ischemic levels. In addition, except for baseline data, comparisons between suppliers showed that the HO group were more active following ischemia then the CR group across all times measured (0 -8 and 8 -16 hr, P < 0.01; 16 -24 hr, P < 0.05). Fig. (1) . Activity level of animals monitored by telemetry (mean ± SE). At each time point following ischemia the groups were compared to their respective baseline data (*P < 0.05 versus baseline) and between suppliers ( ‡P<0.05).
Evaluation of PcomA Plasticity
PcomAs were evaluated in each hemisphere and measured to determine whether the anastomoses were PcomA(-) and PcomA(+) (Fig. 2) . (Table 2) shows the hemispherical frequency and patency of PcomA of animals from CR and HO.
The HO group had 2.6% (1/38) of animals with significant anastomoses on both sides and 13.2% (5/38) with only significant connections unilaterally. Thus 84.2% (32/38) of gerbils from HO lacked patent PcomA on both sides. In contrast, 22.7% (10/44) of CR gerbils had patent PcomAs bilaterally and 38.6% (17/44) had significant unilateral connections. The remaining 38.6% (17/44) had insignificant, or a lack of, PcomAs. An analysis of frequency between suppliers was carried out on the animals with either unilateral [PcomA(+/-)] or bilateral anastomoses [PcomA(+/+)] versus the animals without significantly patent anastomoses (PcomA(-/-)) and the data show that the HO gerbils had a significantly reduced incidence of patent PcomAs as compared to the CR animals (χ 2 = 17.61, P < 0.0001). 
Histological Data
The total number of CA1 neurons in the rostral hippocampus is depicted in (Fig. 3) . The 5-min occlusion produced a profound loss of CA1 neurons (F 2, 84 = 255.64, P < 0.0001). The ischemic groups from CR and HO showed a significant loss of CA1 neurons compared to shams (P < 0.0001). Moreover, between suppliers, the cell loss in the CR ischemic group was less severe than the HO ischemic group (P < 0.0001). Overall, the HO ischemic group lost 95% of CA1 neurons while the CR ischemic group showed only a 71% loss of neurons. In converting the neuronal cell count data into a rating scale (0-4, with 0 being most severely injured and 4 being normal) and comparing this with the patency of the PcomA the data shows that the presence of a PcomA(+) is more indicative of neuronal sparing (U = 481.00, P < 0.0001) (Fig. 4) . Illustrative of this phenomenon, a photomicrograph of a gerbil with both types of PcomA [PcomA(+) and PcomA(-)] is shown (Fig. 5) . Neuronal damage following a 5-min ischemic insult is near complete in the absence of a PcomA and absent when the PcomA is present.
Behavioral Data
Data from the open field are presented in (Fig. 6) . Repeated-measures ANOVA revealed a significant effect of supplier (F 1,76 = 26.54, P < 0.0001) treatment (F 1,76 = 20.79, P < 0.0001) and day (F 2,76 = 124.43, P < 0.0001). There were also significant interactions of day by supplier (F 2,152 = 8.36, P = 0.0004) and day by condition (F 2,152 = 7.30, P = 0.0009). The interaction of day by supplier by condition was not significant (F 2,152 = 0.97, P = 0.38).When comparing the HO Fig. (3) . Surviving CA1 neurons (mean ± SE). Both the CR and HO ischemic animals showed a significant reduction in CA1 cells following a 5-min occlusion as compared to shams (*P < 0.01). HO animals had significantly more CA1 cell loss ( ‡P < 0.01) than CR gerbils. Sham data include both CR and HO control animals pooled which were not different. and CR controls it was revealed that on Day 3 the HO group had significantly higher open field scores (P < 0.05). However, these effects were not seen on Days 7 and 10 (P > 0.05). A comparison of the HO and CR ischemic groups to their respective controls revealed that the CR group did not show any increase in activity following ischemia on all days tested (P > 0.05). In contrast, the HO ischemic animals showed hyperactivity on days 3, 7 and 10 (P < 0.01). In addition, comparisons between groups revealed that at each time point tested the HO ischemic group was consistently more active than the CR group (P < 0.01). Open field performance (days 3, 7, 10; multiple regression) predicted histological outcome in CA1 (r = 0.692, P < 0.0001). It should be noted that eight CR male animals were not included in the open field analysis due to a computer malfunction. Fig. (4) . Qualitative analysis of neuronal injury in relation to patency of PcomA in the hippocampus. Each (♦) represents 10 hemispheres and a (=) indicates one hemisphere graded with a hippocampal injury score between 0-4, with 0 being most severely injured and 4 being normal. *P < 0.0001, Mann-Whitney U Test.
DISCUSSION
Our study clearly shows dramatic differences between previously described gerbil populations when comparing the cerebrovasculature of CR gerbils, the main supplier of gerbils in North America and to a lesser extent in another supplier of gerbils (HO) in Canada. It is important to note that all Mongolian gerbils used in North America were derived from breeding pairs captured in Eastern Mongolia in 1935 and introduced to the United States in 1954 (Rich, 1968) . While both suppliers show a high incidence of PcomAs, direct measurement of the diameter of the vessels highlighted critical differences between the two suppliers. While 16% of HO animals had PcomAs greater than 50 µm, 61% of CR animals had vessels that were considered significantly patent Fig. (6) . Open-field data (mean ± SE) 3, 7, 10 days after surgery. On Day 3 the CR control group differed from the HO control group (+P < 0.05). At no other time points were the control groups statistically different. On Days 3, 7 and 10 the HO ischemic group differs from its control (*P <0.01) and the CR ischemic group ( ‡P < 0.01). (> 50 µm). In light of these striking differences in cerebrovasculature between suppliers the question as to whether the PcomA anastomoses are capable of compensating for the reduced blood flow through the carotid circulation had to be addressed.
One of the classic signs following global ischemia in the gerbil is an acute increase in locomotion that persists for at least 1 day following a 5 min occlusion (Kuroiwa et al., 1991; Colbourne et al., 1998) . Our results show that ischemic animals from both suppliers exhibited an increase in locomotion following ischemia, however only the HO ischemic group displayed a sustained increase at 24 hr. Interestingly, the activity levels of the HO ischemic animals were significantly greater than the CR ischemic group at all time points measured. In tandem with the acute increase in locomotion ischemic gerbils typically exhibit habituation deficits when exposed to a novel open field. Consistent with these data the HO ischemic animals showed increased activity levels over the three days tested whereas the CR ischemic animals did not differ from their respective control group. This effect is quite startling as no previous studies have reported a failure of ischemic gerbils to increase activity levels in response to exposure to a novel open-field (Wang and Corbett, 1990; Colbourne and Corbett, 1994; Corbett and Crooks, 1997; Dooley and Corbett, 1998) . The above behavioral data clearly show that the CR gerbils, with their increased presence of patent PcomA, differ from gerbil populations used in past research.
Previous studies have shown extensive CA1 cell loss after a 5 min ischemic insult (Colbourne and Corbett, 1994; Nurse and Corbett, 1994; Colbourne and Corbett, 1995; Corbett and Crooks, 1997) . In support of these findings, the HO ischemic animals had 95% CA1 neuronal loss while CR ischemic animals sustained only 71% CA1 loss. Since the CR group had significantly more animals with patent PcomAs it is not surprising that they experienced less cell loss.
Extensive CA1 necrosis is associated with increased open field activity (Gerhardt and Boast, 1988; Mileson and Schwartz, 1991; Colbourne and Corbett, 1994; Nurse and Corbett, 1994) . This relationship was proven in a multiple regression analysis of cell counts over open field days 3, 7, and 10. The present data therefore establishes a link between vasculature, CA1 injury and open field performance.
The mechanisms underlying the variation in the circle of Willis are unknown but may have a genetic component as previously suggested . Nonetheless, given the uncertainty of the cerebrovascular pattern in the gerbil population of these two suppliers it is questionable if the gerbil can be used in future ischemia research. One possible solution could be based on acute activity levels between 16-24 hr post-ischemia. Any animals whose activity levels have returned to baseline could be eliminated from a study. While this may reduce variability, it also increases the number of animals required and the time it takes to complete the study. Moreover, as neuroprotective drugs can interfere with activity there are limitations to this approach. Another method to reduce variability might be to use a laser Doppler flowmetry bilaterally to verify that blood flow is reduced to an acceptable injury level (e.g. <10%) in forebrain regions. However, this would require extra costs and would increase the time each surgery took, negating one of the major benefits of this model. A better solution might be to selectively breed gerbils that have an incomplete circle of Willis and for breeding farms to routinely assess the incidence of partial or complete PcomA anastomoses in their population. Using one or a combination of the elimination criteria mentioned above, a number of inbred gerbil generations could be produced that might yield gerbils without significant PcomAs. However in the absence of these measures it might be advisable to abandon the gerbil BCCAO model altogether and use the rat 4-VO or 2-VO modified models of occlusion. While each have their own set of problems (e.g. variability, more complicated surgery, seizures) as discussed elsewhere (Corbett and Nurse, 1998 ) the gerbil BCCAO model, especially with Charles River gerbils, as currently exists does not offer any unique advantages to justify its continued use. This is particularly true in neuroprotection studies because with current variability only very robust protective effects would be detectable.
